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Introduction
Equipping engineering students with the skills and knowledge required to be successful global engineers in the 21st century is one of the primary objectives of undergraduate educators. Enabling students to practice self-learning, to find solutions to the real-world design problems that are sustainable to the application requirements and constrains, to have solid and appropriate skills and knowledge, as well as the familiarity of the modern software packages, methods, tools and equipment used in modern industries are major goals of all engineering programs. However, one of the shortcomings of current engineering programs has been the lack of training in skills, knowledge, and tools used in industry that a new graduate needs when entering the workforce in order to rapidly adapt to the work environment and requirements. Smart grid is considered an attractive topic in electrical engineering programs, with strong appealing among students, professionals and educators. According to the US Department of Energy "Smart Grid generally refers to a class of technology people are using to bring utility electricity delivery into 21st century using computer based remote control and automation'
1 . This initiative requires power engineers to have a good understanding of auxiliary fields like controls, information technology (IT), and communication networks, while being experts in the basic operations of the future power systems. There is a great need in the power industry and not only for such cross-trained graduates and professionals to meet challenges and needs in the power gird modernization [2] [3] [4] [5] [6] . Keeping in mind that the advent of telecommunication, computing, and monitoring technologies, new approaches have been possible in the electrical power systems. Many grid operations are vitally dependent on monitoring, collecting, processing transmitting and sharing data. Power engineering has commoditized the electric network and computation solutions, finding the offthe-shelves products that fit the needs, by defining a logical mapping between desired functions and communication standards. To train students in smart grids require a creative curriculum that crosses traditional engineering divisions 3, [7] [8] [9] [10] [11] [12] . For example, students taking advanced courses in the power systems area traditionally have an electrical engineering background as do students in the control and telecommunications fields. However, students involved in computer networking and communications require a computer science or computer engineering background. This divergence results in many challenges in co-education of such professionals and students.
Our course will provide students with knowledge of the SG fundamentals, analysis, topics, its structure, major components, operation and management. The undergraduate course on smart grids is stacked with a graduate course to make the course available to graduate students and professionals. The course introduce students to the basic concepts of power systems along with the inherent elements of computational intelligence, monitoring, communication technology, infrastructure, and decision support systems. The automation and components needed to ensure that the SG guarantees adaptability and capabilities are discussed in depth, the interoperability of renewable energy sources and components are presented and discussed, ensuring minimum changes in the existing power system legacy. Standards needed for designing new SG devices and products are also included. This paper presents the thought process behind the establishment and implementation of a stacked upper division undergraduate and graduate level courses on smart grid fundamentals planned to be offered at the authors' institutions. The course is also intended for professionals already working in power and energy industries in our region. Specific aspects discussed are the course outline, objectives and goals, selection of multi-disciplinary topics for this course, challenges envisioned, and lessons learned during this endeavor.
Course Content and Structure
The course structure and the selection of topics were based primarily on two considerations. First one was ensuring electrical engineering and power systems students are exposed to basic techniques from computational intelligence, IT, communication techniques, and computer networking, and graduate students and professionals understood the modern power grid, power system components and its fundamentals [11] [12] [13] [14] . The second consideration was ensuring the instructor have adequate expertise on the chosen topics. Additional consideration of adding topics in control theory and applications, and environmental and economic issues are presented. Power system topics emphasize what the authors feel are emerging and important research topics, with a concentration in the area of power distribution. Topics in the networking, monitoring and communication emphasize on requirements, enabling of consumer participation in energy delivery, and information security and privacy. These topics in the networking are in emerging research areas of the computer science and deemed to be of critical importance in the smart grid realization. The topics on environmental and economic issues add a focus on sustainable energy solutions and expose the students to the expected SG impacts. To provide a third dimension apart from power systems and computer networks, topics in control system covered have direct applications towards modernizing and implementation of the power grid.
The basic power system analysis tools are natural bridges between the physical world of power transfer, and monitoring, communications and energy management. This statement is guiding our SG course design and implementation. The course is starting with a review of the basics of circuit theory and power system basics critical for the understanding of power system operation and management, followed by the power flow equations, the interconnection of transmission lines and devices into the high, medium and low voltage power networks, with their peculiarities, requirements and constrains. Next the energy management, economic dispatch of power and the description how the energy market works are discussed and presented. Part of this description will focus on the challenge of balancing the supply and demand, followed by the description of alternative physical layers to collect and communicate information, considering wireless, power line carriers, optical fibers, etc. Course materials are prepared from a cross-disciplinary perspective encompassing communications, controls, renewable energy, energy conservation, sustainability, and power system fundamentals. Being a new area there are few undergraduate textbooks on smart grids. It is the authors believe that the course materials developed during our project can eventually form the basis for developing an undergraduate textbook on smart grids and also lay out the foundation for introducing an undergraduate course in the area of systems engineering focused on smart grids. In the stacked graduate course, students are required to apply their skills and learn new techniques in the SG areas with additional requirements and topics. An alternative course development approach might to start top-down by introducing the smart grid concepts earlier and discussing and presenting the other topics in this context.
Course Description
The course provides students with working knowledge of SG fundamentals, design, analysis, and development, offering an introduction to the fundamental concepts of modern power systems along with the inherent elements of control, computing, communication technology and decision support, automation and monitoring techniques ensuring the SG guarantees the adaptability and capability of handling new power systems and components, the interoperability with renewable energy, distributed generation and smart loads. The power system topics are emphasizing on what the authors feel are also emerging and important research topics, with a fair concentration in the area of power distribution systems. The computer networking and communication topics are emphasizing on communication requirements, enabling of consumer participation in energy delivery, and information security and privacy. These topics in the networking are in emerging research areas of the computer science community and deemed to be of great importance in realizing the smart grid vision. The environmental and economic topics focus on sustainable energy solutions and expose the students to issues related to the SG expected impacts.
Course Level Justification
Our electrical and power engineering programs have been carefully designed to prepare students for the profession of electrical engineering through study, experience and practice, and to became professionals and business leaders in our state with objectives, such as: electrical engineering graduates with the training and skills to enter the job market or to continue their education by attending graduate school, become business leaders and entrepreneurs, engaging in life-long learning, at the highest of ethical behavior and social responsibility. The emerging clean-energy smart grid environment in the electric power sector has necessitated that related educational programs, course or laboratory development and implementation evolve to meet the needs of students, faculty, and employers alike. In order to prepare the future power engineering professionals to meet the challenges ahead in the power industry, a new curriculum must be developed that includes core power engineering principals coupled with emerging aspects of smart grid technologies, green electricity generation, or clean energy integration. SG initiative not only requires power engineers to have a better understanding of auxiliary fields like signal processing, controls, information technology, and communication networks, but also needs experts in the auxiliary fields to understand the basic operations of power systems. These include topics form energy storage technologies, power electronics at the transmission and distribution levels, networked control systems, automation, renewable and alternative energy systems integration, system optimization, real-time control, and other related topics. In addition, one must take also into account significant input from industry constituents engaged in the manufacturing, implementation, operation, and maintenance of the new smart grid technologies and systems. There is a great need in industry for such cross-trained professionals to meet challenges in modernizing the power grid. This course involves understanding, analysis, and modeling of the future power grid, working knowledge of SG fundamentals, design, analysis, and development, from the fundamental concepts of power systems to the inherent elements of computational intelligence, advanced metering and monitoring infrastructure, communication technology, energy management and decision support system. The intended audience for this course would be from the following three groups: (i) power and electrical engineering students interested in grid automation, communication, monitoring, renewable energy integration, or impacts of energy storage on power distribution, (ii) computer sciences and engineering students interested in a career where their networking skills are applied in the power systems, and (iii) control engineering students interested in developing control solutions for power system applications.
Designing the course execution to keep students from diverse backgrounds engaged can be challenge. As a result it was decided to start off with basic introductory lectures in the two major thrust areas before advanced topics are covered in either of them. This is expected to provide an early common platform for all students to subsequently understand and appreciate advanced topics. The power systems part starts with an introduction/refresher that included basic concepts like circuit theory for computer networking students who may be out of touch. Basic computer networking and internet concepts were covered, for professional or students with no solid background in these areas. All course assignments and projects are assigned as groups that were to include one student from each of the major backgrounds like power systems, computer networks, and control systems. This enabled one student, well-versed in the area under consideration, to be the lead in an area-specific assignment who helped students from other backgrounds catch up. For projects, this enabled the formulation of multi-disciplinary problems that required students from diverse backgrounds to join together in proceeding towards a solution. By identifying the emerging clean-energy smart grid of the electric power sector as an area of need for educational development, models for new curriculum development are therefore required. The smart grid can be defined as 'the implementation of various enabling power system automation, communication, protection, and control technologies that will allow real-time interoperability between end-users and energy providers, in order to enhance efficiency in utilization decision-making based on resource availability and economics.
Course Topics and Outline
This course is intended for senior undergraduate students but it is also open to senior graduate students and industry professionals. There is no official pre-requisite at the time of enrolment. However, basic knowledge of power systems, basic knowledge of computer and communications networks, and some background in probability and random variables, linear algebra, and convex optimization will be helpful. Major course topics included in our SG course are: Due to the interdisciplinary and novelty of the smart grid nature of the topics covered in this course are hardly to find in a single textbook. The authors decided to develop a complete set of lecture notes and tutorials and provide the full student access via course website. Additional references and recommended textbooks [15] [16] [17] [18] [19] were included in the course syllabus with special requirements for graduate students and professionals taking the course. However, the authors intended to publish during this or next year a textbook on Fundamentals on Smart Grids closer to the course content. All course materials will be available to the students on the course website.
Course Instructional Goals and Student Learning Outcomes
1. The course presents engineering techniques of the future power system, smart grid and microgrid concepts, components, structure and architecture; this course will examine not just the smart grid technologies, but the transformational impacts of the smart grid on the industry.
2. Introduce communication, networking, and sensing technologies involved with the smart grid; computational techniques involved with the smart grid (decision support tools and optimization) 3. Motivate and explain tools and techniques used in power systems and smart grid 4. Introduce the smart grid modeling for large-scale power networks, power flow analysis; optimal dispatch, energy management, standards, concepts and principles of smart grid communications, metering, monitoring and protection technologies and techniques, and computational tools used in smart grids.
Among student learning outcomes are: Student Learning Outcomes. Upon successful completion of this course students will be able to:
1. Analyze, simulate and model smart grid components, their characteristics and performance 2. Understand of various aspects of smart grid, architecture, components, management technologies and applications 3. Understand fundamental structure and elements of smart grid standards, interoperability and cybersecurity 4. Know the basic types of electric utilities in the US; for each type of utility, be able to describe the business model, governance structure, and how the utility is regulated and managed.
Student assessment and evaluation is proposed to be performed through, assignments, exams, case studies and projects with additional requirements for graduate students and professionals taking the course. All assignments, home-works and solutions, as well as power point presentations, additional course materials are planned to be posted on the course website.
Projects and Future Laboratory
Traditionally, in the development of engineering education the key objectives are to enable the teachers to convey knowledge and insight to the students. The main element is the lecture, in which the teacher explains, gives examples, shows calculations, discusses physical principles or mathematical derivations, etc. However, the laboratory, experiments and projects are an integral part of any engineering, science or technology educational program and their purpose is bringing the students closer to real situations of the area of studies [20] [21] [22] . Laboratories to study power system issues have always been deemed important by educators. Laboratory practices reveal that many instructors are moving away from large machines and in some cases are even replacing machines labs with either power systems experiments or power systems simulations. Comprehensive literature reviews shown on laboratory and testbeds on smart grids, microgrids, renewable energy and distributed generation infrastructures exist or underway to be developed, for both research and education. At our university we are in process of developing and implementing an integrated laboratory on energy conversion, power electronics, smart grids, renewable energy and microgrids [21] [22] [23] [24] [25] [26] [27] . Major equipment and devices include Real Time Digital Simulator (RTDS), power electronics and energy conversion modules, renewable energy emulators, and a microgrid testbed. RTDS is built in RSCAD user interface software in real time, working on the parallel processing technology of digital signal processors and executes the program developed on its processors [23] [24] [25] . The RTDS not only calculates and shows the electrical output values in the runtime software, but also produces scaled output signals (digital as well as analog) through the output interface cards incorporated into its system. It is an ideal learning tool to illustrate simulation techniques, power system dynamics and operation, allowing students to gain experience with the real world measurements, protection and control equipment which can be connected to the RTDS Simulator. It can be used to conduct closed-loop testing of physical devices such as protection equipment and control equipment, including IEC 61850 devices, to perform analytical system studies or to educate power system operators, engineers and students. Students can effectively interact with an operating power system modeled by the simulator, gain real and current industrial hands-on experience. The RTDS Simulator provides students with hands-on illustrative tools helping them bridge the gap between theory and practical operation of a power system. Moreover, the simulator has functions and capabilities of advanced metering, monitoring and control of future smart grids, opening new areas for education, training and research for our students. The virtual renewable energy experimental setting consists of five emulators facilitating students' acquisition of deep insight into the complex and dynamic interactions of system parameters. A high degree of interactivity should be provided and the students should have the possibility to investigate the causal relation between different states of the system under study. It should be accessible, independent of time and place. Moreover, the renewable energy source models are posted with their simulation under different operating conditions. It is expected that students will be motivated to study and analyze these systems in more detail, so as to become skilled in designing and component layout of such systems. The renewable energy sources to be developed for this virtual and remote access laboratory are as follows: 1) Wind Turbine Emulator; 2) PV System Emulator; 3) Fuel Cell Simulator; 4) Solarthermal Emulator and 5) Battery Bank Emulator. Each module, with the exception of first one is divided into three parts: basic principles, system technology, and a laboratory manual. Finally the renewable energy emulators, associated power electronics and control interfaces are planned to be integrated into a microgrid testbed.
Through this laboratory experiments, course projects and case studies, our students are exposed to tools, software and equipment used in the present power and energy industries, including those utilized in the future smart grid. We believe that exposing our students to this complex power system training equipment will increase the likelihood of employment opportunities and internships with local or nationwide utilities, power equipment manufacturing and energy companies for our students.
Conclusions and Future Developments
In this paper, the motivation and process of developing an undergraduate course on smart grid fundamentals has been discussed. With the advent of computing, communication, information technology, power electronics, intelligent control and automatization, the electrical grid is moving rapidly toward the future power system, the smart grids. By establishing a stronger formal education base in the clean-energy smart grid at our university, we consider that not only our program will increase the interests and visibility our students to pursue a power engineering career, but also many power or energy related companies could benefit of this opportunity to train their engineers in future power system areas. Utilities, manufacturers, consultants, government agencies, and in fact all organizations engaged in the electric power and energy sector, would benefit from investing in their employee's futures and overall professional and personnel advancement. The aim of work is to develop, design and implement an undergraduate course on SG fundamentals, while providing the students with knowledge, skills, tools and techniques required in future power systems and clean electricity generation. Detailed coverage of course structure, content, topics are presented and discussed in the paper. Lessons learned will be available for interested parties, instructors or researchers, and the feedback are highly appreciated.
